The Norway lobster Nephrops norvegicus supports a major commercial fishery in the Northeast Atlantic. Lobster populations of this region harbour an infection by a parasitic dinoflagellate of the genus Hematodinium (Field et al. 1992) . Infection of N. norvegicus by Hematodinium species was initially diagnosed by the dull orange colouration of the carapace and appendages; such lobsters were also observed to be moribund with milky white haemolymph. However, this diagnostic method lacks sensitivity as only advanced infections can be reliably identified (Field et al. 1992 , Stentiford et al. 2001a . A more sensitive method was later developed in which the pleopod is examined under low power light microscopy for the aggregation of parasites in the vasculature (Field et al. 1992 , Field & Appleton 1995 . The severity of infection is staged using a 5-point scale, from uninfected to the most advanced infection. The pleopod method is a reliable field method for identifying advanced infections, but it is unable to detect low level haemolymph infection, and also requires a degree of training and standardisation.
Immunodiagnostic techniques can detect several pathogens of marine organisms (Bryant et al. 1999 , Poulos et al. 1999 , Hsu et al. 2000 ). An indirect fluorescent antibody technique (IFAT) developed using a polyclonal rabbit antiserum raised against an in vitro culture of several vegetative forms of Hematodinium from Nephrops norvegicus showed that some N. norvegicus harbour infections outside of the main infective season (Field & Appleton 1996) . More recently, a Western blot method has been developed using the polyclonal anti-Hematodinium antiserum and applied to study the occurrence and progression of infection (Stentiford et al. 2001b ). Both immunoassays offer greater sensitivity and specificity than the previous diagnostic methods, but are time-consuming and complex procedures, requiring trained personnel. Hence an enzyme-linked immunosorbent assay (ELISA) has been developed which can screen large numbers of samples in a short time and has greater sensitivity than the Western blot procedure.
Materials and methods. Collection and maintenance of lobsters: Norway lobsters Nephrops norvegicus were caught by otter bottom trawl (70 mm mesh size) at locations south of Little Cumbrae in the Clyde Sea Area (55.41°N, 4.56°W). The lobsters were transported in a cool, damp environment after capture, then maintained in a closed seawater system at 10°C and 33 ‰ salinity prior to experimental study.
Haemolymph preparation: For routine assessment, haemolymph samples were withdrawn from the base of the fifth pereiopod using a 1 ml disposable syringe and 25-gauge needle, allowed to clot, frozen to -20°C and thawed once. All subsequent treatments were performed at 22°C. The haemolymph samples were vortexed and a 15 µl aliquot of each haemolymph sample ABSTRACT: Norway lobsters Nephrops norvegicus from the coastal waters of Scotland are seasonally infected by a parasitic dinoflagellate of the genus Hematodinium. An enzymelinked immunosorbent assay (ELISA) has been developed for the detection of the parasite in the haemolymph of N. norvegicus. The ELISA is simple to perform with a detection limit of 5 × 10 4 parasites ml -1 haemolymph. The ELISA is currently being used to study the prevalence and seasonality of Hematodinium infection in N. norvegicus and other crustacean hosts.
KEY WORDS: Hematodinium · Nephrops norvegicus · Infection · ELISA
Resale or republication not permitted without written consent of the publisher was then diluted in 285 µl of distilled water. From this, 100 µl was transferred into each of 2 wells of a 96-well microtiter plate (Immulon 4 HBX); for each haemolymph sample the ELISA was carried out in duplicate. After initial incubation for 30 min, plates were washed 4 times with phosphate-buffered saline (PBS) (pH 7.2) with 0.05% v/v Tween 20. Plates were then incubated for 30 min with 100 µl well -1 rabbit anti-Hematodinium antiserum (1/2000 dilution) (see Field & Appleton 1996 for antiserum production). Plates were again washed 4 times, followed by a third incubation for 30 min with 100 µl well -1 goat anti-rabbit horseradish peroxidase conjugated antibody (1/500 dilution) (Diagnostics Scotland). Plates were washed 4 times and 100 µl TMB substrate (3, 3', 5, 5'-tetramethyl benzidine) (Dynex Technologies) applied for colour development by incubation for 20 min in darkness. The optical density (OD) of the wells in the microtiter plate was then measured at 690 nm with an ELISA reader (Titertec Multiscan).
Sensitivity of ELISA: For determining the sensitivity of the ELISA test, a haemolymph sample was taken from a lobster that gave a positive result in the routine ELISA assessment, but displayed no external signs of infection. An aliquot of this sample was diluted 1:1 in marine anticoagulant (450 mM sodium chloride, 100 mM glucose, 30 mM trisodium citrate, 26 mM citric acid and 10 mM EDTA pH 4.6, 1020 mOsm kg -1 ) and transferred into an Improved Neubauer counting chamber. Parasite cell numbers were counted and the numbers per ml estimated using standard procedures. The sample was frozen to -20°C, then thawed and 6 aliquots were serially 2-fold diluted and assayed by the ELISA procedure above. A sample of uninfected haemolymph was assayed by the same method and a comparison of the OD values from infected and uninfected haemolymph was performed by the Mann-Whitney U-test. Significance was considered to be at p < 0.005.
Comparison of techniques for detection: Routine assessment of infection was made on a sub-sample from 2 monthly trawls using both the pleopod staging method of Field & Appleton (1995) , and Western blotting of haemolymph samples described by Stentiford et al. (2001b) . These assessments were then compared with the results from the ELISA conducted on the same haemolymph samples. Haemolymph samples from lobsters testing positive for Hematodinium infection by the ELISA method alone were assayed by the IFAT technique of Field & Appleton (1996) to confirm infection status. In this instance, the bovine serum albumin (BSA) used during the washing steps was replaced by an equivalent amount of porcine gelatin, because the anti-Hematodinium antibody reacts with BSA on Western blots (Stentiford et al. 2001b) .
Results. Evaluation and sensitivity of ELISA: The ELISA could detect the presence of Hematodinium in haemolymph samples. There was some antibody binding in uninfected samples but this was considerably lower than for both low-level and advanced infection samples (Fig. 1) .
Serial dilutions of a haemolymph sample with a known number of parasites present were used to determine the sensitivity of the assay (Fig. 2) . The lowest density sample that was significantly different from the uninfected haemolymph sample was taken to represent the limit of detection of the assay (5 × 10 4 parasites ml -1 haemolymph).
Comparison of diagnostic methods:
The diagnosis of Hematodinium species infection in 2 monthly subsets of 30 lobsters taken at times before the seasonal peak of infection, assessed by the pleopod, Western blot and ELISA methods, is shown in Table 1 . By the pleopod method, all lobsters were assessed to be uninfected but by the antibody based methods a number of individuals were found to be infected. All haemolymph infections identified by Western blotting were also found to be positive by ELISA, but conversely not all infections identified by ELISA were detected by Western blotting. Comparison of the ELISA and IFAT results on these samples however, gave the same positive infection diagnosis (data not shown).
Discussion. The results obtained show that the ELISA is a sensitive and specific diagnostic test for the presence of Hematodinium parasites in the haemolymph of the Norway lobster. In common with the 176 (2001b) , it can detect both low-level and advanced infections. Moreover, it offers significant advantages over the Western blot procedure in terms of its sensitivity, simplicity and the number of samples that can be assayed. Importantly for routine use, the difference between positive and negative samples was visible by eye. The sensitivity of the ELISA has been determined to be 5 × 10 4 parasites ml -1 haemolymph, making it more sensitive than the Western blot procedure by a factor of 4. This is consistent with the observation that several low-level infections identified by the ELISA were not detected by the Western blot.
The ability of the ELISA to test multiple samples within a short period, without sophisticated analytical equipment is a significant development. Previous immunological methods such as the IFAT and Western blot are complex and time-consuming. The ELISA requires only a small volume of haemolymph to conduct the test; host lobsters need not be damaged, and if necessary the sampled individuals can be kept alive for further observation under laboratory conditions. The ELISA will be particularly useful in the identification of Hematodinium sp. infections in previously unexamined Nephrops norvegicus stocks. In addition, the ELISA could be used to identify Hematodinium infections in other crustacean species, since Stentiford et al. (2002) have shown that the primary anti-Hematodinium antibody is also reactive to a Hematodinium-like parasite of the European edible crab Cancer pagurus.
The finding by Bushek at al. (2002) that the polyclonal anti-Hematodinium antiserum used in this study is reactive against shared antibody binding epitopes on cells of the oyster pathogen Perkinsus marinus raises interesting issues concerning the affinity of Hematodinium and Perkinsus. However, this does not affect the usefulness of the antiserum in detecting Hematodinium in crustaceans as P. marinus is exclusively a mollusc pathogen. Fig. 2 . Sensitivity of ELISA for Hematodinium. Infected haemolymph from an infected Norway lobster was serially 2-fold diluted and assayed by the ELISA. Uninfected haemolymph assayed by the ELISA had a mean optical density (OD) value of 0.037 with a standard deviation (SD) of 0.008. Data points represent means ± SD (n = 6). *p < 0.005 between uninfected and infected haemolymph Editorial responsibility : Timothy Flegel, Bangkok, Thailand Submitted: February 5, 2002; Accepted: July 3, 2002 Proofs received from author(s) : September 20, 2002 
